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ABSTRACT

The all rocket mode of operation is a critical factor in the overall performance of a rocket based combined cycle (RBCC) vehicle.

However. outside of performing experiments or a full three dimensional analysis, there are no first order parametric models to estimate

performance. As a result, an axisymmetric RBCC engine was used to analytically determine specific impulse efficiency values based

upon both full flow and gas generator configurations. Design of experiments methodology was used to construct a test matrix and

statistical regression analysis was used to build parametric models. The main parameters investigated in this study were: rocket

chamber pressure, rocket exit area ratio, percent of injected secondary flow, mixer-ejector inlet area. mixer-ejector area ratio, and

mixer-ejector length-to-inlet diameter ratio. A perfect gas computational fluid dynamics analysis was performed to obtain values of

vacuum specific impulse. Statistical regression analysis was performed based on both full flow and gas generator engine cycles.

Results were also found to be dependent upon the engine cycle assumptions. The statistical regression analysis determined that there

were five significant linear effects, six interactions, and one second-order effect. Two parametric models were created to provide

performance assessments of an RBCC engine in the all rocket mode of operation.

INTRODUCTION

For years rocket-based combined cycle (RBCC) engine systems have been envisioned as the means to achieve affordable single-

stage-to-orbit (SSTO). I-7 The inherent advantage of RBCC engine systems is the increased specific impulse, or fuel efficiency, of

the airbreathing system as compared to an all rocket SSTO vehicle. A more fuel efficient engine system will increase the vehicle

payload mass fraction and thus reduce the cost per pound to orbit. A typical RBCC engine will operate in four modes: ( 1 )ejector ramjet.

12) ramjet, (3) scramjet, and (4) all-rocket. In general, the performance of the rocket is based on the design chamber pressure, mixture

ratio, propellants, and exit area ratio of the engine. However, for most RBCC systems the rocket is simply a subset of the engine. While

a significant amount of analysis has been performed on modes I to 3, little analysis has been performed on mode 4. However, as shown

in Ref. 8. the performance of an RBCC system in mode 4 can have a significant affect on total system performance. Depending upon

the assumed trajectory, the mode 4 performance can have a nearly 1: 1relationship with overall system perlk_rmance. Therefore, having

an accurate assessment of the rocket mode performance is critical and may influence engine design and layout.

Rockets are generally used in two of the modes of operation, ciector ramjet and all-rocket for orbit insertion. To accomplish the

ejector pumping in mode 1, the rockets are generally located in the forward section of the engine (Fig. 1(a)) lk311owed by a mixer-ejector

section. This section can be round, square, straight, or diverging with a single rocket or multiple rockets. The addition of the mixer-

ejector section is required for mode 1 performance, however, this configuration is not ideal for the all-rocket mode 4 performance.

Because of the open area required for the inlet air, there is a flee expansion of the rocket plume to the mixer-ejector wall. Once the

plume impinges onto the walls it can create a series of reflected shocks inside of the engine. As a result, the flow path is significantly

different from an optimum rocket nozzle with the same overall expansion area ratio. Over the years a significant amount of work has
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bccnperformedondevelopingmethodsfordesigningoptimalrocketnozzles,Fig.l(b).9"1°However,thereisalackofdesignor
analysisforanRBCCsystemoperatinginamode4configuration.

Theobjectiveofthepresentstudyistoquantifytheeffectsofthemixel-ejectorsectionontheall-rocketmodeperformance.A
Navier-Stokes,perfectgascomputationalfluiddynamics(CFD)analysis was pertormed with the NPARC II computer code. An

axisymmetric model, which consisted of a single rocket engine with a variable duct, was chosen for ease of modeling. The main

parameters investigated in the study were: chamber pressure, rocket exit area ratio, percent of injected secondary flow, mixer-ejector

inlet area ratio, mixer-ejector area ratio, and mixer-ejector length-to-inlet diameter ratio. The CFD calculations were used to assess

the specific impulse efficicncies of the various RBCC configurations studied. Specific impulse efficiencics were calculated based on

both full flow and gas generator system assumptions. Design of experiments (DOE) was used to set up the test matrix and statistical

regression models were created based upon the CFI) results. The statistical models account lot interactions and curvilinear effects

between the six parameters.
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rocket throat area (in. 2)

mixer-ejector inlet area (in. 2)

mixer-ejector exit area (in. 2)

mixer-ejector inlet diameter (in.)

statistical model error term (percent)

results from lull-flow analysis

thrust (lbf)

gravitational constant (32.174 lbm-ft/lb f sec 2)

results from gas-generator analysis

specific impulse (see)

specific impulse from CFD results (see)

specific impulse from isentropic calculations (see)

mixer-ejector length tin.)

primary rocket mass flow (Ibm/see)

injected secondary flow (Ibm/see)

Ms

percent injected secondary flow, ( rnp x 100)

total mass t]ow libra/see)

number of data points used in the multiple linear regression
number of terms in the final statistical model

rocket engine chamber pressure (psia)

mixer-ejector exit static pressure (lbl/in.2)

dynamic pressure (lbt/ft2)
residual error term

goodness of fit statistic between experimental value and mo ]el prediction

multiplicative statistical constant dependent upon N-P

mixer-ejector axial exit velocity (ft/sec)

statistical model independent variable

statistical mt_et independent variable-minimum value poss ble

statistical model independent variable-maximum value pos:,ible

statistical model input translormed wtriable

calculated Isp for statistical model.

mean calculated lsp for statistical model

predicted value of the output variable from statistical model

statistical model coeMcient

mixer-ejector nozzle exit area ratio

rocket exit area ratio

ratio of specific heats

specific impulse efficiency (percent)

density (Ibm/ft3)
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RBCCENGINECONFIGURATION

An axisymmetric engine geometry was used for this analysis (Fig. l(a)). The system consists of a single rocket engine in the

forward section of a mixer-ejector duct. The Rao nozzle design code i2 was used to design the nozzle contour for each rocket exit area

ratio. The rocket chamber conditions assumed a gaseous oxygen and gaseous hydrogen system at a mixture ratio of 6. The main RBCC

engine parameters investigated in this study were:

The mixer-ejector inlet area (A3/A*) is a ratio of the total area at the beginning of the mixer-elector to the rocket throat area. Total

mixer-ejector exit area ratio (A6/A*) is the total available for expansion. The mixer-eiector area ratio is the amount of expansion

provided by the mixer-ejector only (AJA3). Percentage of injected secondary flow (m s) is the ratio of injected secondary flow to

primary, rocket llow.

DATA ANALYSIS

The measure of perfl)rmance used in this analysis is specific impulse efficiency. To calculate specific impulse, the CFI) results

were used to calculate mass flow and thrust with a trapezoidal integration across the mixer-ejector exit plane, Eqs. (1) and i2)

respectively. In this analysis, ambient pressure outside the nozzle was set at vacuum conditions. As a result, the effect of ambient

pressure on thrust is negligible. The values were then used [o calculate the specific impulse, Eq. 3:

fil t = S(pu6)dA6

exil

(1)

)F= pug+P6 dA6

exit

(2)

F
[spCFD = .-7"- (3)

mt

The calculated Isp results from the CFD analysis were compared to the Isp values tYom isentropic llow calculations which

represent the theoretical ideal performance levels.

ISpCFI)

rllsp - iSPlseniropi c
(4)

Combustion efficiency is assumed to be 100 percent for all cases. Ideal performance is based on expanding the I'[ow to the

maximum area ratio available at the mixer-ejector exit.

Due to the presence of injected secondary flow, there are two methods to calculate the ideal performance. Each is based upon

different system cycle assumptions. The first method is to base the ideal performance (IsPF F) on the rocket llow only ( ri-tp = in t I,

a t'ull-llow cycle. Specific impulse is thus:

F
IspF F = ---:----

mp

(5)
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Inafull-flowsystemallofthepropellantsavailableareroutedtotheenginewheretheyaremixedandburned.Anyflownot
consumedbytherocketisconsideredaloss.Inthisanalysisthesecondarybleedflow(ms)isaloss.Thesecondmethodisacomparison
toagasgeneratortypeofsystem(lSPGG)andisshowninEq.(6).

F
ISPGG- -- (6)

flip+ ihs

Inatypicalgasgeneratorcycle,morepropellantisrequiredtopowertheturbomachinerythanisusedintherocketcombustion
chamber.Theexcesspropellantsarethenventedoverboardwithaminimalcontributiontothrust.InanRBCCvehicle,thepossibility
alsoexiststhatadditionalpropellantswouldbecarriedon-boardforcoolingofvehiclesurfaces.However,inthissystemthesecondary
Ilowisbeingroutedbackintotheengineflowpathinanattempttomaketheenginemoreefficientbyincreasingbasepressure.

DESIGNOFEXPERIMENTSSTRATEGY

TheDOEanalysismatrixwasdevelopedtoreducethenumberoftestsrequiredandtodevelopaparametricperformancemodel.
Tofullymodelallcurvilineareffectsandpotentialinteractionsatotalof729(i.e.36)caseswouldhavebeenrequired.UsingDOE,
thefullmatrixwasreducedtoatotalof36cases:enoughtoexaminethecurvilineareffectsandinteractions.The36casemodelwas
furtherreducedtonineexperimentstoexamineonlythelineareffects.ResultsfromthelinearscreeninganalysiscanbefoundinRef.
8.TableII liststhedetailedconfigurationforeachofthethirty-sixcasesinthemodelalongwiththetotalarearatioasareference.
Theresultisaresponsesurfacemodel(RSM)analysisthatwasobtainedusingIspefficienciestodeterminetheeffecteachvariable
hadonperformance.

AllRSManalyseswereconductedusingtheRS/CLIENTTM statistical :oftware. Two sets of statistics are reported for each data

set, the estimated coefficients and the confidence level for these values. The :onfidence levels are the estimated probabilities that the

coefficients are different from zero. Any coefficient having a confidence le'_ el less than 90 percent was considered insignificant and

its corresponding term dropped from the model. Values with confidence levt Is less than 95 percent are considered weak effects upon

the model.

In a typical regression analysis, significance is identified and quantified -elative to an estimate of system noise based on a number

of repeated experiments. However, a computer code should generate no n rise and repeating each case should generate the same

answer. For both the RSM analyses, the noise terms were generated with tht residual variation from fitting 36 data points with a 14-

term model.

For each data set a simple relationship was based on the input variablt s. Each variable has an associated coefficient.

rllsp = 1_0 +/_lXl + 1_2X2 ,.- + fl7:f-IX2 ..- +/_27X6 (7)

For the current analysis the variables were normalized to values of+l st that the estimated coefficients would reflect the relative

strengths of the effects. Hence, the larger a coefficient value, the greater its influence on the final result. As a result, the transformed

X i variable is actually:

xi -( Ximax + Ximin )
Xi 2 = ._.i - midpoin! (8)

xi max - xi rain range

2 2
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Alsocalculatedarethevaluesforresidual(R2),goodnessoffit(Sy.x),andanerrorestimate(E).TheSy.x isagoodnessoffit
statisticwhichsummarizestheagreementbetweentheactualoutputvalueandtheassociatedmodelpredictions.

.2-
Z/"i-v}

Sy. X --
(N-P)

(10)

Sy. x may be used to calculate approximate prediction errors (E) as follows.

E=I×Sy.x (11)

where t is a multiplicative constant that changes depending on the residual degrees of freedom (N-P), These t constants can be located

in any statistical test or mathematical handbook " under student's t-test. This is the variation in each data value derived from the model

for lsp efficiency.

CFI) ANALYSIS

The flow solver chosen for this study was NPARC v3.0 which is a multidimensional flow simulator used for a wide variety of

fluid flow analyses within the aerospace community. NPARC is a finite difference code for structured, multiblock grids, and is bound

by the assumption of the perfect gas law. The cases discussed here assumed steady, axisymmetric, turbulent flow through the RBCC

engine. Turbulence was modeled with the Spalan-Allmaras (SA)l-equafion turbulence model.14 A more detailed discussion of the

CFD modeling can be found in Ref. 15.

The physical boundaries of the RBCC engine have been modeled as standard adiabatic, no-slip surfaces. The combustion

chamber was simulated by specifying the constant total conditions given in Table [[I. The total conditions were obtained by running

a one-dimensional chemical equilibrium code I_' for a given chamber pressure, with ambient temperature gaseous hydrogen and

gaseous oxygen as propellants at a mixture ratio of 6.0. As a result, the ratio of specific heats (7) was assumed to be a constant 1.2 ['or

all CFD analysis. The secondary flow was modeled as a fixed massflux boundary with a total temperature of 1600 °R which is based

on rocket pre-burner conditions.

Great care was taken to insure that the CFD results had adequate spatial resolution. A grid sensitivity study was performed which

showed that the results were insensitive to grid spacing. A detailed discussion of the mesh generation methodology and NPARC

configuration can be fl_und in Ref. 15.

RESULTS AND DISCUSSION

CFD RESULTS

For a more detailed discussion of the details t'or the CFD analysis the reader is encouraged to examine Ref. 15. However. a brief

summary is included in the following section to highlight some of the flow characteristics which affect system perfornTance.
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Figure2showsarepresentativeMachnumberdistributionforcase28.Justdownstreamottherocketnozzleexitisthetreeexpansion
orthe plume to the mixer-eiector wall. The plume consists of both a shear la_ er and oblique shock structure. Next, the rocket plume

impinges on the mixer-ejector wall. As the flow turns parallel to the wall, a refl ,'cted oblique shock is created which propagates toward

the centerline. In some cases, the mixer-ejector is short enough that the obliq_e shocks do not meet at the center line before crossing

the nozzle exit plane. However, if the duct is long enough, the oblique shocks reflect at the centerline, creating a diamond like structure

in the flow. Also, as seen in the plot, when the oblique shocks impinge upon the wall, shock induced boundary layer separations are

formed. Weak secondary expansion and shock waves can also be seen in the flow. Substantial boundary layer growth is also present

in many of the solutions, especially for the hmger mixer-e.iectors. All cases exhibit some flow stratification and flowfield distortion

at the mixer-ejector exit. Table IV presents both the full-flow and the gas generator CFD results and efficiencies based on isentropic

perl\_rmance.

REGRESSION RESULTS

FULL FLOW MODEL

Table V presents the results from the curvilinear regression analysis of the full thirty-six case model based on the lull flow

analysis. For this analysis the student's t constant was based on an estimate of a 95 percent confidence level for the error (E) term.

The resulting expression (12) is:

r/Isp_Fr.- 89.325+0.350[ .pc-750.] 1.615 A_-120= - 0.697 -D- + 1.608
L 450 J 80 ..

 rA'1 [+3.206i_]+0.334[Pc._750] _-120 +0.363 _--120.80
450 J / 80

x

A_6 - 1.51

A3 10,5

1 [ J L]A6 -1.5 A3_ 1201I-_ra- 1.51 r _)_51.5

A"0.5 -0.723[m@]E£ ]+0.Zs3-A* ]L- -0.406

Along with five linear relationships, several interactions and one second order relationship were found to affect Isp efficiency.

For the linear terms the sign of the coefficient is an indication of whether the effect was positive or negative. The linear terms show

increases in performance resulted from increases in chamber pressure, mixer-ejector area ratio, and rocket area ratio. These

relationships can be seen by examining several pairs of data. The effect of chamber pressure can be seen by comparing cases 2 with

13 and 4 with 12 where with all parameters except chamber pressure are constant. The increase in pertormance due to an increase

in mixer-ejector area ratio can be seen by comparing any of the following ca_es: 4 and 14, 7 and 21. and 15 and 6. The increase in

performance with rocket area ratio can be seen by comparing cases 4 with 19 ;nd 7 with 35. Perlormance was fl>und to decrease with

increasing mixer-ejector inlet area ratio and mixcr-ejcctor length-to-diametel ratio. The effect of increasing mixer-ejector inlet area

ratio can be seen by comparing any of the following cases: 1 with 16, 8 with 22, and 35 with 15. A detailed discussion of the linear

relationships can be found in Ref. 8. For the interaction terms the sign only determines the bilinear variation. The performance is still

highly dependent on the linear terms of the parameters involved in the interaction. Therefore, while the interaction may cause a

decrease in performance, the gain from the linear term may be enough to cause a net increase in performance due to that parameter.
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Thefirstinteractionisbetweenchamberpressureandmixer-ejectorinletarearatio(Fig. 3). For Figs. 3 to 12. all parameters

except the interaction discussed are at the mid level values. As mixer-ejector inlet area ratio is increased, the perlk_rmance of the system

decreases; likewise as chamber pressure increases performance increases. The effect of chamber pressure is minimal at lower mixer-

ejector inlet area ratios, but becomes more pronounced as mixer-ejector inlet area ratio increases. The highest performing

configuration is at the lowest mixer-ejector inlet area ratio possible and is unaffected by chamber pressure. An increased mixer-ejector

inlet area ratio results in an larger free expansion between the rocket nozzle exit and mixer-ejector wall. hence a decrease in

performance.

The second interaction is between mixer-ejector inlet area ratio and secondary flow (Fig. 4). As shown in the figure, between

mixer-ejector inlet area ratios of 40 to 120, increasing secondary flow will decrease performance. For mixer-ejector inlet area ratios

in the range of 120 to 200 an increase in secondary flow increases the efficiency. The general trends presented by Fig. 4 show that

the larger mixer-ejector inlet areas produces the worst performance and adding secondary flow only slightly affects the results. As

with the first interaction, increasing mixer-eiector inlet area ratio decreases performance.

The next interaction is between secondary flow and mixer-ejector area ratio. Figure 5 shows graphically how the interactions are

related to lsp efficiency. For a straight mixer-ejector with a area ratio of 1.0 up to a mixer-ejector area ratio of 1.5 the performance

increases with increasing secondary flow. However, at mixer-ejector area ratios higher than 1.5, the performance decreases as the

secondary flow is increased. At constant secondary flows, as mixer-e_icctor area ratio is increased the performance increases.

The fourth interaction is between secondary flow and rocket area ratio (Fig. 6). This is an interaction with a curved shape due

to the second order effect of rocket area ratio. As the figure shows, performance increases as secondary flow increases fl_r constant

rocket area ratios up to 12. However, at a rocket area ratios above 12, a reduction in performance is evident as secondary flow is

increased. If secondary flow is held constant, increasing rocket area ratio will increase performance. For this interaction, the highest

perlk)rmance results from having the largest rocket area ratio with the least amounl of secondary flow.

The fifth interactive relationship is between mixer-ejector inlet area ratio and mixer-ejector area ratio (Fig. 7). As with the linear

relationships, increasing mixer-ejector inlet area ratio decreases performance while increasing mixer-ejector area ratio increases

performance. This interaction is the balance between increasing the tree expansion (A3/A*) and increasing the total nozzle surface

(A6/A 3) available for producing thrust. At constant mixer-ejector inlet area ratio the performance increases with increasing mixer-

ejector area ratio. The most efficient configuration is with the smallest mixer-ejector inlet area ratio and the maximum mixer-ejector
area ratio.

The final significant interaction is between mixer-ejector area ratio and rocket area ratio (Fig. 8). This is an interaction with a

curved shape due to the second order effect of rocket area ratio. The performance increases as both rocket area ratio and mixer-ejector

area ratio increase. For constant rocket area ratios, performance increases as mixer-ejector area ratio increases. The effect of increasing

mixer-ejector area ratio is greater at lower rocket area ratios. Performance also increases at constant mixer-ejector area ratios for an

increasing rocket area ratio. The highest performance can be obtained with the largest rocket area ratio and the largest mixer-ejector
area ratio.

A second order effect is related to rocket area ratio (Fig. 9). In the linear model, as rocket area ratio increased performance

increased according to the slope determined by the linear coefficient. However, due to the second-order effect the performance begins

to level off as rocket area ratio approaches 20. This type of performance curve is similar to a standard performance versus area ratio

curve for ideal nozzles showing diminishing returns as area ratio increases, a combination of a positive linear and negative curvilinear
effects.

GAS-GENERATOR MODEL

Table Vl presents the results from the curvilinear regression analysis of the lull thirty-six case model based on the gas generator

analysis. For this analysis the student's t constant was based on an estimate of a 95 percent confidence level for the error (E) term.
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Theresultingexpression(13)is:

i 351
1 ] ,.4 A3 01.653 [ A.4 -1"5A-_ A3

+ ' "L0, a.0

-'5]
-0.374L__jL '_)_ -0.619t--:__jh-----_ j •-[ _, J[ :()_ "

A6 -1.5 2

- 0.426 A3 - 1.639
0.5

Several interactions and t_ne second order relationship were R_und to z fleet lsp efficiency. In fact, the same interactions were

found to be significant in the gas-generator and lull-flow models. However, he addition of secondary flow as a linear effect made a

significant change in the plots for the interactions of the gas-generator model a _compared to the full-flow analysis. For the interactions

that do not involve secondary flow, the plots and relationships are similar to those discussed in the full flow analysis but the absolute

values of the efficiency has changed. Due to the similarity in results only the ir teractions that involve secondary flow will be discussed

in the following section. For comparison purposes the figures for the nonsecoadary flow cases have been included. Figure 10 presents

the interaction between mixer-ejector inlet area ratio and chamber pressure, Fig. 1 I presents the interaction between mixer-ejector

area ratio and mixer ejector inlet area ratio. Fig. 12 presents the interaction between rocket area ratio and mixer-ejector area ratio, and

Fig. 13 presents the second order effect of rocket area ratio.

Figure 14 presents the interaction between secondary flow and mixer-:jector inlet area ratio. Due to the linear relationship of

secondary'flow for the gas generator analysis, this interaction is different than for the full-flow analysis. For a constant secondary flow

value, increasing A3/A* decreases performance while at a constant A3/A*, increasing secondary flow increases performance. The

general trends presented by Fig. 14 shows that the smallest mixer-ejector inlet area and largest secondary flow produces the highest

performance.

The next interaction is between secondary flow and mixer-ejector area ratio (Fig.15). At constant secondary flows, as mixer-

ejector area ratio is increased the perlk_rmance increases. Performance also in¢ teases when secondary flow increases at constant mixer-

ejector area ratios. For this system, the highest performance occurs with the largest mixcr-eiector area ratios, hence the largest total

area ratio for a given configuration, and routing the maximum amount of _econdary flow into the engine. Due to the addition of

secondary Ilow as a significant linear effect, this result is in direct contrast o Fig. 9 from the full-flow analysis.

The fourth interaction is between secondary flow and rocket area ratio Fig. 16). This is an interaction with a curved shape due

to the second order effect of rocket area ratio. The plot clearly shows that as either secondary flow or rocket area ratio increases, Isp

efficiency increases. The highest performance occurs when both parameter,' are at the maximum values within the trade space. This

is a result of the individual positive linear relationships driving the final results. From the results it is clear that for the gas generator

analysis, the highest perlk_rmance results from increasing rocket area ratio wi h an additional gain resulting from increasing secondary

ll ow.

N ASA/TM-- 1998-206639 8



DISCUSSIONOFRESULTS

Severalfactsareevidentfromexaminingtheresultsfromboththefull-flowandgasgeneratormethodsofanalyses.First,the
assumptionofafull-floworgasgeneratorcycleisimportantindeterminingwhichparametershavethemostsignificanteffecton
performance.Inthegasgeneratorassumption,theadditionofsecondaryflowisnotonlyastrongmainlineareffectbutalsoinfluences
severaloftheinteractions.Asaresult,ifagasgeneratorsystemisusedorextrapropellantsarerequiredtocoolthevehicle,allofthe
fluidsshouldberoutedbackintotheRBCCenginesystem.Thisisnotunexpectedsinceanygaininperformanceisbetterthanventing
thepropellantsoverboard.

in both data sets. the initial rocket area ratio is one of the most influential parameters because it not only has the largest and most

significant linear effect+ it is the only second order effect and appears in several interactions. A larger rocket area ratio also reduces

the size of the free expansion inside of the engine and hence reduces the potential lk)r additional losses. A comparison of the Math

number CFD plots from cases 4 and 19 tFig. 17) shows how the change in rocket area ratio affects the flow field. In case 19 with the

larger rocket exit area ratio both the mixer-ejector and rocket exit Math numbers are greater than those found in case 4. The rocket

exhaust plume and initial reflected shock structure also extend farther downstream for the cases with a larger rocket. There are also

fewer reflected shock boundary layer interactions and smaller regions of slower moving flow at the exit with the larger rocket area

ratio. However. the most important factor is the efficiency gained by the initial expansion along the rocket nozzle as opposed to a free

expansion.

A corresponding increase in performance results from an increase in mixer ejector area ratio. This increase is sirnply due to the

increase in total area ratio available for expansion. The Mach number CFD plots from cases 4 and 14 (Fig. 18) shows how the change

in mixer-ejector area ratio affects the flow field holding all other parameters constant. Because some this expansion occurs on the

di verging mixer-ejector wall, there are fewer losses than if the expansion went to the same exit area ratio for a straight duct. The losses

associated with the A6/A 3 expansion are due to divergence losses and boundary layer development which are generally small by

comparison to the losses due to the free expansion. From the Math contour plot of Fig. 18 several differences are evident. The diverging

case has a longer initial plume expansion and the reflected waves are longer, result in fewer waves in the mixer-ejector nozzle. Overall

the diverging mixer-ejector has higher exit Mach numbers which translate to increased momentum. The net effect is increased

efficiency for cases where the mixer-ejector section diverges.

The amount of free expansion between the rocket and mixer-eiector wall is also directly related to the mixer-ejector inlet area

ratio. In both sets of analyses, all linear relationships and interactions that involve this parameter provide increased performance when

A3/A* is minimized. A comparison of the CFD Math number contour plots from cases 8 and 22 (Fig. 19) shows how the change

in mixer-ejector inlet area ratio affects the flow field. Initially. based upon previous comparisons, the large region of high speed flow

and the fact that the reflected oblique shock does not impinge at the centerline, it would be expected that case 22 would be the higher

performing of the configurations. However. it turns out that case 8 is the more efficient configuration. This is a direct result of the

reduced free expansion for casc 8 as compared to case 22. The tree expansion appears to be the dominant feature in determining

performance, more so than exit Math number or the number of reflected shocks in the mixer-ejector nozzle.

One way to examine the effect of free expansion on performance is to look at the base pressure upstream of the rocket. When

no secondary flow is present the system acts as a supersonic driven cavity where the primary rocket exhaust evacuates the cavity

forward of the rocket. The result is a low base pressure which provides a small amount of thrust for the area between the rocket nozzle

exit and mixer ejector wall. An increase in thrust could be provided by increasing the base pressure. One method to increase base

pressure is by introducing secondary flow into the cavity. But as we have shown with the parameteric models, the gain in thrust must

be balanced by the increase in net mass flow to the system. If the system calls lk)r a full-flow cycle then the addition of a separate

secondary flow system is not necessary to increase performance. However. if the gas generator cycle is selected or additional cooling

flow is required, it is beneficial to route the tap-off gases into the cavity and overall performance increases.

Adding secondary flow to the system also effects the primary rocket exhaust expansion. The primary rocket expansion is a

function of the cavity pressure along with the nozzle exit divergence angle and nozzle exit static pressure. Secondary flow is used

to increase the ambient pressure into which the primary flow expands. By increasing the pressure, the plume expansion angle is reduced

and the flow is turned more in the axial direction, resulting in lower divergence losses due to the reflected oblique shock angle. This

is evident by examining the particle trace and nondimensional pressure profile plots for cases 4 and 20 tFig. 20). 15 In case 4 with no
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secondaryflowtheprimaryflowfromtherocketnozzlehasasteepexitangl,:andtheflowimpactsthemixer-ejectorwallatasteep
angle.Theplotsalsoshowthatwithnosecondaryflow,severalrecirculation,ones are present inside of the cavity. However, in casc

21) with 8 percent injected secondary flow the rocket plume is turned more axially along the flow path and impinges the mixer-ejector

wall at a much shallower angle. Case 20 also shows that when secondary flow is added only one small eddy is present near the

impingement point of the primary stream. The non-dimensional pressure profiles show that the impingement point is moved farther

downstream with the addition of secondary flow. The result is an increased efficiency due to fewer reflected shocks. It can also be

seen by examining the oblique shock tables that reducing the oblique shock angle increases the downstream Mach number. The

hypothesis is that reducing the total exit angle and the wall impingement _mgle is one mechanism that contributes to increasing

performance.

Finally, for comparison, the predicted results from the curvilinear models were compared to the actual values from the CFD

results. As shown by the results in Table VII. the actual values for both models agree well with the model predicted values. The fact

is also evident by the low calculated error term for the curvilinear model, at a 95 percent confidence level.

CONFIRMATION CASES

For a check of m_el accuracy lk_rboth the full-flow analysis and gas-generator analysis, eight confirmation CFD cases were

run. The input variables for the cases can be found in Table VIII. Cases 37-40 were selected to examine the interaction between

secondary flow and mixer-ejector area ratio, as a result those values were ,,aried between the high and low inputs while all other

variables were maintained at the mid-point. Cases 41-44 were selected to examine the interaction between secondary flow and rocket

exit area ratio, as a result those values were also varied between the high and low inputs while all other variables were maintained at

the mid-point. The results from the CFD and models can be found in table IX. The results are similar for both the full-flow and gas

generator analysis where, except for one case, the percent difference between CFD and model predictions fall well within the error

term from the original model. Theses results are further evidence of the robust nature of the curvilinear model.

OPTIMUM CONFIGURATION

An optimum configuration was determined for this type of axisymmetri, configuration using the curvilinear models based upon

both the lull-flow and gas-generator assumptions. For the lull-flow assumption the following configuration will optimize performance:

Chamber pressure (psi)

R_cket area ratio (ER)

Percent of secondary flow (m s)

Mixer-ejector inlet area ratio[A3/A*]

Mixer-ejector area ratio IA_,/A31teME)

Mixer-ejector length-to-diameter ratio IL/D3].

1152.9

20

0.25

40

1.98

3.54

The results from the optimization serve to reinforce the relationships shown in the curvilinear model, in general, the positive linear

relationships are at or near the maximum set point while the negative linear relationships are at or near the mini mum set point. However,

some of the relationships are affected by the interactions. The highest performance is obtained with a near maximum chamber pressure.

a maximum rocket area ratio, and a near maximum mixer-ejector area ratio Even though there was no linear effect, the amount of

secondary flow required to increase performance is very small, most likely d le to the multiple interactions involving that parameter.

The optimum performance is obtained when the mixer-ejector area ratio is at a minimum. The mixer-ejector length-to-diameter ratio

d_s not follow the same pattern as the other parameters, instead optimum _erformance is achieved near the mid-point value.

For the gas-generator assumption the following configuration will optmize performance:

Chamber pressure (psi)

Rocket area ratio [eR )

Percent of secondary flow Im s)

998.4

18.6

8.0
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Mixer-electorinletarearatio[A3/A*]
Mixer-ejectorarearatio[A6/A3](EME)
Mixer-ejectorlength-to-diameterratio[L/D3].

40
2.0
2.04

Aswiththefull-flowmodel,theresultsfromtheoptimizationservetoreinforcetherelationshipsshowninthecurvilinearmcxlel.
Ingeneral,thepositivelinearrelationshipsareatornearthemaximumsetpointwhilethenegativelinearrelationshipsareatornear
theminimumsetpoint.However,someoftherelationshipsareaffectedbytheinteractionsandtheadditionofsecondaryflowasa
significantlineareffectobviouslychangestheresults.Thehighestperformanceisobtainedwithanearmaximumrocketarearatio,
amaximumamountofsecondaryflow.andamaximummixer-ejectorarearatio.Chamberpressureisstillahighvalue,howeverit
isnearly200psibelowthemaximumvalue.Theoptimumperformanceisobtainedwhenthemixer-ejectorarearatioandmixer-elector
length-to-diameterratioareattheminimum.

CONCLUDINGREMARKS

Resultsfromtheregressionrevealedseveralsignificantinteractionsbetweentheparametersandsecondordereffects.Results
wereanalyzedbasedonbothlullflowandgasgeneratorsystems.Thesignificantlinearrelationshipsare:

• Increasingchamberpressureincreasesspecificimpulseefficiency.
• Increasingmixer-ejectorinletarearatiodecreasesspecificimpulseefficiency.
• Increasingmixer-ejectorlength-to-diameterarearatiodecreasesspecificimpulseefficiency.
• Increasingmixer-ejectorarearatioincreasesspecificimpulseefficiency.
• Increasingrocketarearatioincreasesspecificimpulseefficiency.

Forthefullflowanalysis,secondaryflowwasnotasignificantlineareffect,howeveritwasasignificantlineareffectinthegas
generatoranalysis.Theinteractionswereconsistentbetweenmodels,althoughwithdifferentcoefficients.Theadditionofsecondary
flowinthegasgeneratoranalysisasasignificantlineareffectdidchangetherelationshipoftheinteractionsinvolvingsecondary,flow
ascomparedtothefullflowanalysis.Thesixsignificantinteractionswere:

• Chamberpressurewithmixer-eiectorinletarearatio
• Injectedsecondaryflowpercentagewithmixer-ejectorinletarearatio
• Injectedsecondaryflowpercentagewithmixer-ejectorexitarearatio
• Injectedsecondaryflowpercentagewithrocketexitarearatio
• Mixer-ejectorinletarearatiowithmixerejectorexitarearatio
• Mixer-ejectorexitarearatiowithrtxzketexitarearatio

Rocketexitarearatiowasfoundtoprovideanegativesecondordereffectwhichresultedindiminishingreturnsforspecific
impulseefficiencywithincreasingrocketarearatio.Alloftheinteractionsandsecondordereffectsservedtoenhancetheresultsfrom
thelinearanalysiswhileprovidingamoreaccurateparametricmodel.Resultsfromthecurvilinearmodelwereshowntocorrespond
verywellwiththeCFD results. The parametric equations developed provide a first-order analysis tool to evaluate the mode 4

performance of an RBCC engine.

The CFI) results showed several areas of concern in the flow path which ultimately had an affect on the parametric model. These

flow characteristics include the free expansion from the rocket nozzle to mixer-ejector wall. reflected oblique shock structures through

out the flow path, shock induced boundary layer separations, thick boundary layer development at the exit. and flowfield divergence

at the exit. Injected secondary flow was used in an attempt to increase performance, however it was found to be dependent on the system

assumptions. CFD particle trace results showed that injected secondary flow influenced the flow stream by altering the free expansion

angle of the rocket plume as well as reducing the cavity recirculation zones.

Finally, this study has shown that utilizing design of experiments is an effective tool to maximize results while reducing the

number of experiments require
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TABLE I.--RBCC ENGINE PARAMETERS AT
THREE LEVELS

Chamber pressure (Pc) (psi)

Rocket exit area ratio (oR)

300 750

4 12

Percent of injected secondary flow (m,I 0.0 4,0

Mixer-ejector inlet area ratio[A JA*] 40 120

Mixer-ejector area ratio [A_/A_](cM_ ) 1.0 1.5

Mixer-ejector length-to-diameter ratio [L/D 2.0 3.5

12oo

20

8.0

2(xl

2.0

5.0
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TABLE II.--DESIGN INPUT VARIABLES

Case Chamber Secondary Mixer-ejector Length to Mixer-ejector Rocke! Total

pressure,

psi

x I

I 300

2 31t11

3 1200

4 3O11

5 3O11

6 1200

7 1200

8 1200

9 750

I(I 300

I I 121111

12 1200

13 1200

14 300

15 1200

16 30(1

17 30O

18 1200

19 300

20 300

21 1200

22 12O0

23 750

24 75(1

25 3O11

26 7511

27 12O11

28 300

29 3011

30 300

31 3O0

32 12011

33 30O

34 75(1

35 12O0

36 1200

flow

percent

inlet area

ratio

diameter

ratio

area

ratio

X, X_ X4 Xa

8.0 40.0 2.0 2.0

0.0 40.0 5.0 2.0

0.0 200.0 2.0 2.0

0.0 2(X1.0 5.11 1.0

8.0 2_).(1 2.0 1.0

8.0 2(W).(I 5.0 2,0

8.0 40.0 5.0 I11

40.0

120.0

0.0 2.0

3.54.0

1.0

1.5

0.0 200.0 2.0 2.0

8,11 411.0 2X) 2.0

[).0 2(}0.0 5.0 1.0

0.0 40.0 2.1151)

0.0 2(X).0 5.0 2.0

8.0 200.0 5.0 1.0

8.0 2(X).O 2.0 2.0

8.0 40.0 5.0 2.0

0.0 40.0 2.0 1.0

0.0 20@0 5.0 1.0

8.0 21X).O 5.0 1.0

8.0 40.0 5.0 2.0

I),0 200.0 2.0 1.0

0.0 40.0 5.0 1.0

4.0 2(X).0 2.0 1.0

4.0 40.0 5.(1 1.5

8.0 120.0 2.0 1.5

0.0 200.0 5.0 1.5

4.(1 120.0 5.0 1.0

8.(1 40.0 3.5 1.0

0.0 120.0 2.0 1.0

4.0 40.0 2.0 1.0

8.0 200.0 2.0 1.0

0.0 40.0 3.5 1.5

0.0 40.0 2.0 2,0

8.0 40.0 5+0 1.0

4.(} 120,0 3.5 2.0

area area

ratio ++_io

4.0 80

20+0 80

4.0

4.0 200

211.11

20,0 400

4,0

20,0 40
i!

12.0
i i

20.0

20.0 80

4.0 2013
i

20.0 80

4.11

20.0 2_

4.0
20.0

4,0

20,0 200

4.0 2_

4.(I 80

20.0 200

4.0 40
!

4.0 200

4.0 60

4.0 180

12.0 "' _!'

12,0 120

4.0

4.0 120
I IIIII III II

20.0

12.0 'i: _"

20.0
!, ,_ !, !, !,! ....

121)

2o.(i ....: _'i
4+0 240

TABLE III.--CFD CONSTANT TOTAL

CONDITIONS FROM A CHEMICAL

EQUILIBRIUM CODE

C ha m be r

pressure,
psia

3(R)

75O

120()

Molecular Chamber

weight temperature,

oR

13.112_ 620O

13.19 6400

13.27 65OO
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TABLE IV._FD SPECIFIC IMPULSE RESULTS AND CALCULATED

ISENTROPIC SPECIFIC IMPULSE EFFICIENCIES

Case

I

2

3

4

5

6

7

8

9

I0

II

12

t3

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

3O

31

32

33

34

35

36

Isp cl ,, lsp isentropic

sec full-flow,

s¢c

399.54

424.33

415.94

361.73

411.29

430.64

374.07

416.89

418.26

433.80

425.32

375.90

432.92

393.85

415.28

407.86

412.17

376.14

403.11

372.02

399.24

419.26

369.83

381.15

384.22

404.67

415.05

397.36

377.51

369.02

399.86

415.49

419.92

427.36

.401.40

41_.55

Isp isenlropic

lull-flow

efficiency,

percent

473.98

Ispisentropic

gas-generator,

sec

Isp isentropic

gas-generator

efficiency.

percent

451.57 88.48 418.12 95.56

451.57 93.97 451.57 93.97

48().1_ 86.65 480.04 86.65

465.06 77.78 465.06 77,78

465.06 88.44 430.61 95.51

480.04 89.71 444.48 96.89

445.44 83.98 412.44 90.7(I

445.44 93.59 445.44 93.59

468.03 89.37 450.03 92.94

473.31 91.65 473.31 91.65

457.99 92.87 424.06 100.30

471.67 79.69 471.67 79.69

457.99 94.53 457.99 94.53

473.31 83.21 473.31 83.21

471.67 88.04 436.73 95.09

473.31 86.17 438.25 93.06

451.57 91.28 418.12 98.58

445.44 84.44 445.44 84.44

465.06 86.68 465.06 86.68

465.06 79.99 430.16 86.39

457.99 87.17 424.06 9435

471.67 88,89 471.67 88.89

443.34 83.42 443.34 83.42

469.45 81.19 451.39 84,44

446.71 86.01 429.53 89.45

468.03 86.46 433.36 93.38

476.73 87.06 476.73 87.06

458.(_) 86.76 440.38 90.23

439.19 85.96 4(_.66 92.83

458.(_1 80.57 458.(_ 80.57

439.19 91.04 422.3(I 94.69

471.67 88.(g) 436.73 95.14

446.71 94.00 446.71 94.(K_

455.83 93.76 455.83 93,76

445.44 90.11 412.44 97.32

85.35 455.75 88.76
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TABLEV.--MULTIPLEREGRESSIONFORANISENTROPICFULL-FLOWSOLUTION
(R2=0.985,Svx=0.6573,1=1.71,E=+1.13 PERCENT)

Term Coefficient Confidence

Constant

Chamber pressure

Mixer-ejeclor inlet area ralio

Mixer-ejector length-to-diameter ratio

Mixer-ejector area ratio

Rocket area ratio

Chamber pressure x mixer-ejector inlet area ratio

Secondary flow x mixer-ejector inlet area ratio

Secondary flow x mixer-ejector area ratio

Secondary flow x rocket exit area ratio

Mixer-ejector inlet area ratio x mixer-ejector area ratio

Mixer-ejector area ratio x rocket exit area ratio

(Rocket exit area ratio)-"

[3,
[34
[3,

1_14

[3_t,

[317

[3,,7

level,

percent

89.325 >99.99

0.3_) 99.16

-I.615 99,99

-0.697 9999

1,608 99.99

3.206 99.99

0.334 98.46

0.363 98.89

-0.421 99.53

-0.723 99.99

0.283 95.53

-0.406 98.45

- 1.586 99.98

TABLE VI.--MULTIPLE REGRESSION FOR AN ISENTROPIC GAS GENERATOR ANALYSIS

(R 2 = 0.999, Svx = 0.703, t = 1.72, E = +1.21 PERCENT)

Term Coefficient Confidence

Constant [3,,

Chamber pressure [_l

Secondary flow _,

Mixer-ejector inlet area ratio I_

Mixer-ejector length-to-diameter ratio [34

Mixer-ejector area ratio 13s

Rocket area ratio 1_

Chamber pressure x mixer-ejector inlet area ratio

Secondary flow x mixer-ejector inlet area ratio _l_,

Secondary flow x mixer-ejector area ratio [314

Secondary flov,' x rocket exit area ratio [3_s

Mixer-ejector inlet area ratio x mixer-ejector area ratio 1_7

Mixer-ejector area ratio x rocket exit area ratio

(Rocket exit area ratio):

321

32?

level.

percent

92.8833 >99.99

0.351 98.69

3.489 99.99

- 1.667 99.99

-0.725 99.99

1.653 99.99

3.307 99.99

0.347 98.15

0.317 %.56

-0.374 98.27

-0,619 99.97

0,283 93.84

-0.426 99,30

- 1.639 99.98
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TABLEVII._OMPARISONOFCFDRESULTSWITHTHE CURVILINEAR MODEL RESULTS

Case Full-flow, percent Gas-_enerator, percent
CFD Curvilinear model

E = +1.13 percent

Actual

I 88.48

2 93.97

3 86.65

4 77+78

5 88.44

6 89.7 l

7 83.98

8 93.59

9 89.37

I0 91.65

I 1 92.87

12 79.69

13 94.53

14 83.21

15 88.04

16 86.17

17 91.28

18 84.44

19 86.68

2O 79.99

21 87A7

22 88.89

23 73.42

24 81.19

25 86.01

26 86.46

27 87.06

28 86.76

29 85.%

30 80.57

31 91.04

32 88.09

33 94.00

34 93.76

35 90.11

36 85.35

Predicted

88.50

94.27

85.93

77.73

87.92

90.02

84.52

93.02

89.33

91.61

92.69

79.10

94.30

83.17

Percent

difference,

percent

-0.02

4}32

0.82

0.06

0.59

-0.35

-0.64

0.61

0.07

I).05

0.19

0.74

0.24

0.05

CFD

Actual

95.56

93.97

86.6._

77.78

95.51

96.89

90.70

93.59

92.94

91.65

100.3(}

79.69

94.53

83.21

87.89 0.17 95.09.

85.89 0.32 93.06,

91.26 0.02- 98.58

84.35 0.11 84.44

86.40 0.32 86.68

80.74 -0.94 86.39

87.14 0.04 94.15

89.17 -0.31 88.8_

82.94 0.58 83.42

81.32 -0.16 84.4-

85.43 0.67 89.4:

85.95 0.59 93.31"

-0.3187.33 87.01

86.67 0. I0 90.23

85.18 0.90 92.83

81.72 - 1.43 80.5"7

92.32 -I .41 94.6Q

0.12 95.14

Curvilinear model

E = +1.2t percent

Predicted

95..54

94.25

86.01

77.69

94.%

97.18

91.25

93.08

92.88

91.61

100.07

79.08

94.26

83.16

94.91

92.7 I

98.6 I

84.37

86.39

87.28

94.10

89.24

82.92

84.63

88.88

92.77

87.38

90.15

Percent

d i fferencc

percent

0.02-

-0.30

0.74

0.12

0.58

-0.30

-0.6 I

0.55

0.09

0.05

0.23

0.77

0.28

0.06

0.19

0.38

-0.03

0.08

033

-1.03

0.05

-0.39

0.60

-{).23

0.64

0.65

-0.37

0.09

91.97 0.93

81.75 -I.46

%.00 -I.38

94.88 0.2787.99

93.63 0.40 94.00 93.66 0.36

93.75 0.01 93.7t 93.85 4/. I{I

97.48 -0.16

90.37 -I.81

90.31) -0.20 97.37

86.91 ) - 1.81 88.7f,
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TABLEVII].-M)ESIGNINPUTVARIABLESFORMODELCONFIRMATION CASES

Case Chamber Secondary Mixer-ejector Length to Mixer-ejector Rocket Total

pressure flow inlet area

psi _r_nt ratio

x_ x2 x_

37 750 0.0 120

38 750 0_ 120

39 750 8.0 120

40 750 8_ 120

41 750 09 120

42 750 0_ 120

43 750 8_ 120

44 750 8_ 120

diamemr area ratio area area

ratio ratio ratio

x4 _ x_

35 2.0 12 240

33 19 12 120

33 2.0 12 240

33 19 12 120

33 13 20 180

33 13 4 180

33 13 20 180

33 13 4 180

TABLE IX.---COMPARISON OF CFD RESULTS WITH TIlE CURVILINEAR MODEL
RESULTS FOR MODEL CONFIRMATION CASES

Case Full-flow, percent

CFD CurviUnearmodel, Percent

E = ±1.13 percent difference
Actual Predicted

37 89.94 91.35 -1.57

38 86.98 87.30 -0.37

39 89.65 90.51 -0.97

40 87.58 88.14 -0.64

41 91.29 91.67 -0.42

42 83.46 83.81 -0.42

43 89.69 90.22 -0.60

44 85.39 85.26 _15

Gase _[enerator, percent

CFD Curvilinear model, Percent

E = ±1.21 percent difference
Actual Predicted

89.94 91.42 -1.64

86.98 87.37 -0.45

96.82 97.65 -0.86

94.59 95.09 -0.53

91.29 91.68 -0A3

83.46 83.83 -0.45

96.86 97.42 -0.58

92.22 92.05 ff19
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Mixer-ejector inlet
area (A3)

Percent secondary -._

flow (ms) Rocket exit

area ratio

[,d

(a)

Mixer-ejector length

I Mixer-ejector I
exit area

(AS)

(b)

Figure 1.--(a) Axisymmetric configuration. (b) Optimized rocket nozzle configuration.

Mach

number

6.09

5.22

Recirculating
flow

Reflecting oblique
shock structure

"Thick"

boundary
layer at exit

4.35

3.48

2.61

1.74

0.87

0.00

Shock induced /

boundary layer,,,/_
separation

Flowfield

divergence
at exit

Figure 2.mMach number contour plot for case 28 highlighting a representative flow structure.
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